Introduction
The study of the chemical reaction rate at the gas-metal interface has seen much progress in the last few decades. Surface active elements, such as sulfur and oxygen, significantly affect the metal-gas interface by reducing the surface reaction rate of nitrogen. Ban-ya et al. investigated this phenomenon by performing 500-g-scale laboratory tests using the argon blowing method under normal pressure.
1)
Harashima et al. examined this effect in the high-purity range of steel using a 12-kg vacuum induction furnace. 2) In addition, the effect of surface active elements in highchromium steel has been reported by Kiyose et al. 3) These studies quantitatively gave the chemical reaction rate coefficient because the equation includes the adsorption parameters of sulfur and oxygen. Takahashi et al. carried out experiments to estimate the nitrogen removal reaction rate through argon bubbles under normal pressure, and nitrogen showed a similar effect to surface active elements, not only at the surface but also at the inner surface of the injected argon bubbles. 4, 5) In addition, the removal rate of nitrogen with argon injection under reduced pressure has been investigated. 6, 7) According to the results of these studies, the interfacial area and mass transfer rate significantly increase
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under reduced pressure because of bubble rupture accompanying sharp volume expansion near the metal surface. The surface active elements rapidly adhere to the interface and interfere with nitrogen removal at the gas-metal interface, and this phenomenon occurs under both reduced pressure and normal pressure conditions. In addition, the reaction rate is enhanced by inducing a drastic reduction in the amounts of sulfur and oxygen using the powder blowing effect.
9)
Reduction in nitrogen content through CO boiling accompanying decarburization treatment is a well-known phenomenon, and it has been applied to factory-scale treatment in normal steel 10) and stainless steel 11) production. Recently, a numerical model for the nitrogen removal rate with CO boiling has been developed for the RH process (normal steel) 12) and the VOD process (stainless steel).
13)
The interruption effect of the surface active elements is defined by the adsorption coefficients of oxygen and sulfur (κ O and κ S ). Because κ O is much higher than κ S , [1] [2] [3] reduction in oxygen activity is very effective in promoting interfacial reaction.
Therefore, during the vacuum treatment of killed steel, which has low oxygen activity, the chemical reaction rate at the gas-metal interface can be increased. However, CO boiling, which results from the reaction between dissolved carbon and oxygen in the metal, increases the gas-metal interfacial area and promotes mass transfer in the metal. However, it is not possible to generate CO boiling in killed steel. Therefore, for nitrogen reduction treatment, it is crucial to choose an effective killing method or CO boiling method. Furthermore, the chromium content in the molten steel significantly affects the activity of several elements, but consistent kinetic study of the nitrogen removal rate in both normal and stainless steel is insufficient.
In this study, based on the experimental results obtained using a 600-kg-scale vacuum induction furnace with normal 14) and high-chromium steel, 15) kinetic evaluation of nitrogen removal is presented. The effects of the chromium content and the surface active elements when using the killing method and applying the CO boiling method are taken into consideration.
Experimental Conditions
In the experiment, 600 kg of steel (low-alloy steel or steel mixed with metallic chromium) was melted in an argonsealed induction furnace. The molten steel was then poured into a vacuum induction furnace (50 Hz), and the initial temperature was controlled by the induction current. Then, the initial composition was controlled by alloying under an argon atmosphere (20-50 kPa).
Experiments with CO boiling using normal and 17 mass% Cr steel were carried out under vacuum degassing conditions. During the treatment, iron ore sand ( < 2 mm, basic hematite) was periodically added to maintain the desired CO boiling rate (100-500 g/addition, 2 to 6 min intervals, with camera monitoring). In this experiment, the iron ore addition rate was controlled to avoid metal flooding by interior bubbles, and there was no rising up of the metal surface. Hence, metal-gas interface expansion is considered to be the result of the rupture of bubbles at the surface and metal splashing.
With the aim of reducing the adsorption effect by oxygen, experiments using Al-killed steel were carried out with 0.04-0.1 mass% aluminum content, and the oxygen activity measured with a ZrO 2 -MgO-type sensor was < 5 ppm at 1 mass% standard in pure iron.
The experimental gas-phase pressure was usually 13-26 Pa or lower. However, in the case of CO boiling or inevitable weak sealing, the measured pressure sometimes changed but was < 130 Pa. In an experiment such as this, it is difficult to maintain the nitrogen partial pressure in the gas phase, which is essential to determine the reaction rate. Instead of maintaining nitrogen partial pressure, the reaction rate was measured in a sufficiently high nitrogen content range so the fluctuation of nitrogen partial pressure did not significantly affect the estimated reaction rate value.
The experiment in the present study was carried out using normal and 17 mass% Cr steel, and the equilibrium nitrogen content and nitrogen partial pressure can be expressed by the following equations: ) where K 1 is the equilibrium constant (at 1 873 K), P N2 is the nitrogen pressure at the interface (Pa), a N is the equilibrium nitrogen activity ( − ), [N] e is the equilibrium nitrogen content (mass%), and f N is activity coefficient of nitrogen.
Using the thermodynamic data in Ref. 16 ), the relationship between atmospheric nitrogen pressure and equilibrium nitrogen content is shown in Fig. 1 . The chromium content in the metal reduces the nitrogen activity coefficient (f N ). Thus, under the same atmospheric conditions, the equilibrium nitrogen content of 17 mass% Cr steel is much higher value than that of normal steel. Therefore, in the present study, the nitrogen content in the 17 mass% Cr steel experiment was measured in a higher range than the nitrogen content range in a normal steel experiment. Figure 2 shows the change in [N] during the normal steel experiments. At high-carbon-content (□), a high reaction rate was observed because a high dissolved oxygen content cannot be maintained. However, in the case of sulfur addition (▲), the reaction rate was the lowest. This result confirms that surface active elements have an obstructive effect, even under violent CO boiling conditions. In this figure, Fco(Nl/min) indicates the average CO gas generation rate, which is calculated from the carbon content change in each run. Figure 3 shows the experimental results obtained under several CO boiling conditions using 17 mass% Cr steel. In this experiment, the CO gas generation rate (F CO ) was Generally, the nitrogen removal reaction rate is classified by three types of determination steps: mass transfer of nitrogen in the metal (first-order reaction), chemical reaction at the interface (second-order reaction), and mass transfer of N 2 in the gas (second-order reaction).
Results and Discussion

Nitrogen Removal Rate with CO Boiling
During the degassing treatment, CO boiling was continuously observed on the whole metal surface, so nitrogen removal phenomena through gas bubbles must be considered when estimating the reaction rate. Takahashi et al. 5) studied the nitrogen removal rate in injected argon bubbles using normal steel under normal pressure. Their results showed that the reaction rate is controlled by the chemical reaction at the bubble surface and mass transfer in the metal. The chemical reaction rate was almost constant in a low oxygen content range ( < 100 ppm) but it decreased with increasing oxygen content in a high oxygen content range ( > 100 ppm). Thoms et al. 6) measured the nitrogen removal rate with argon bubbling under reduced pressure (270-46 000 Pa), and the results showed that the reaction rate is determined only by the chemical reaction step even under low surface, active element content conditions (oxygen 5-6 ppm, sulfur 17 ppm). These results indicate that it is necessary to consider both mass transfer in the metal and chemical reaction at the interface to estimate the total reaction rate by nitrogen absorption into the bubble.
The total reaction rate is mainly determined by the lowest reaction step. The present experiments were carried out with high mixing force by the induction coil current and strong CO gas boiling under reduced pressure, so the reaction rate is assumed to be the secondary reaction rate by the chemical reaction rate.
Considering the physical properties of normal and 17 mass% Cr steel, the differences in density, surface tension, and mass transfer coefficient in the metals are less than 5%. 17, 18) Thus, except for the effect of chromium in the activity of solved elements, the reaction rate can be estimated in the same way.
Assuming that the reaction is above ground, the overall reaction coefficient k N ′ obtained by Eq. (4) is plotted against the CO gas evolution rate in Fig. 4 . ) where [N] is the nitrogen content in the metal (mass%), [N] e is the equilibrium nitrogen content in the metal (mass%), which is approximately zero, and k N ′ is the overall reaction coefficient (second order) (1/mass%·min). As shown in Fig. 4 , the overall reaction rate is strongly affected by the adsorption effect and activity shift according to the chromium content. If only considering this figure, no definite trend can be observed.
Kiyose et al. 3) investigated the effect of chromium content in previous experimental work. Their experiment was carried out without CO boiling or argon gas injection, and the reaction rate was given by the second-order reaction rate equation. The following chemical reaction rate coefficient was proposed: where k r is the chemical reaction coefficient at the metal surface (m/mass%·s), f N is the activity coefficient of the nitrogen in the metal, a O is activity of oxygen in the metal, and a S is the activity of sulfur in the metal. As described above, the nitrogen removal rate is controlled by the chemical reaction at the interface. Eq. (4) can be expressed by the following equation:
where A act is the reaction site area activated by CO boiling (m 2 ) and V is the volume of the metal (0.086 m 3 ). From Eqs. (4) and (6), the reaction site area can be calculated by Eq. (7), and the relationship between A act and Fco is shown in Fig. 5 . As shown in Fig. 5 , there is a linear relationship between Fco and A act . In this figure, the solid square (■) means the metal surface area without CO boiling (0.11 m 2 ). Thus, according to the above estimation, the reaction area by CO boiling increased to around 10 times the initial surface area.
The physical phenomenon of CO boiling under low pressure is important. However, quantitative estimation of this interfacial phenomenon is quite difficult because there are several unknown factors, such as the pressure of the bubble at the bursting position, the depth of the bubble generation, and the lifetime of the generated bubble.
Therefore, instead of a precise calculation, a rough estimation of the surface expansion phenomenon is described as follows. By observing the bubble bursting phenomenon at the metal surface, the diameter of the bubble at the surface is around 50 mm. Assuming that the bubble bursting pressure at the surface is 130 Pa and the bubble generation depth is 100 mm (7 000 Pa), the initial diameter of a bubble that expands to 50 mm at the surface is estimated to be 13 mm. Thus, the expanded gas-metal surface area by CO boiling caused by CO bubbles at the shallow position is less than 50 mm in diameter. In addition, a large amount of metal splash is generated by CO boiling, so the surface expansion effect of the splash is also significant.
Nitrogen Removal Rate in Al-Killed Steel
The experimental results of the change in nitrogen content are shown in Figs. 6 and 7. In the case of no argon gas injection, the nitrogen reduction rate cannot be ignored. To estimate the nitrogen removal rate in this experiment, argon injection increases not only the gas-metal interface area but also the mixing energy that promotes nitrogen mass transfer in the metal. Therefore, if the mass transfer rate in the metal is not sufficiently high, reaction rate estimation becomes a difficult problem.
Based on the experimental conditions and initial nitrogen content, the reaction rate of the chemical reaction step can be calculated by Eq. (6). The experimental result without argon injection (A act = 0.11) and the calculated result are shown in Fig. 8 , and there is good agreement between the experimental result and the calculated value. This result shows that under this experimental condition, the mixing energy by induced current is sufficiently high and the reaction rate determining step can be estimated by chemical reaction at the gas-metal interface. In addition, this result indicates the validity of the assumption described in Section 3.1 that the reaction rate of the CO boiling test with high oxygen content of mass transfer rate is sufficiently high and the overall reaction rate can be estimated by Eq. (4) . Figure 9 shows the relationship between the argon injection rate and k N′ , determined by Eq. (4). The reaction rate obtained is nearly the same as that in the CO boiling experiment, and the reaction rate value is higher for normal steel than that for 17 mass% Cr steel. Figure 10 shows a plot of the A act value calculated from Eq. (7). In this case, the calculated A act is much smaller than the value shown in Fig. 5 (CO boiling condition). Under these conditions, it was difficult to increase the bottom argon gas injection rate to more than that of the present runs because the increase in metal splashing prevents stable operation.
As described in Section 3.1, the rate of gas flow passing through the metal surface with CO boiling can be increased to more than 100 Nl/min by small bubble generation at a shallow depth in the whole metal surface. However, the argon injection method cannot impose the same gas-metal interfacial condition. An efficient method for increasing the gas-metal interfacial area for killed steel is required, and technical development of this field is important.
Conclusion
The rate of nitrogen removal from molten metal (normal steel and 17 mass% Cr steel) was experimentally investigated using two reaction promotion methods with a 600-kgscale vacuum induction furnace.
Reaction Area Expansion by CO Boiling
• The nitrogen removal rate is significantly influenced by surface active elements, and the effect can be quantitatively explained by calculating the adsorption effect and the chromium content up to stainless steel grade.
• Evaluation of CO gas formation and the metal surface area showed that the reaction area is 10 times the metal surface area, which is considered to be the main reason for the increased reaction rate.
Reduction in the Interference Effect by Al Killing
• Argon gas injection can significantly promote the reaction rate in both normal and high-chromium steel.
• Reduction in the surface active elements can promote the reaction rate to the same order as CO boiling. However, it is difficult to obtain effective expansion of the interfacial area using argon injection. Thus, technical development to resolve this issue is important. Thus, the results of this study might be useful for evaluating the optimum nitrogen removal conditions in several steelmaking processes. 
